Neonates are more susceptible than adults to viral and bacterial diseases. We hypothesized that plasmacytoid dendritic cells, the cells that provide large amounts of IFN-␣ in response to Toll-like receptor 9 (TLR9) agonists, are defective in neonates. To assess the intrinsic functionality of plasmacytoid dendritic cells from neonates we compared IFN-␣ production by plasmacytoid dendritic cells derived from neonates versus adults in both whole blood and in purified plasmacytoid dendritic cells. TLR9-stimulation of whole blood from adults and neonates resulted in comparable amounts of IFN-␣ production. However, we observed small but significant differences in IFN-␣ production from purified CD123ϩ plasmacytoid dendritic cells from neonates after stimulation with the TLR9 ligand CpG-DNA. Furthermore, we assessed surface expression of costimulatory molecules on plasmacytoid dendritic cells after stimulation. While purified CD123ϩ plasmacytoid dendritic cells from adults up-regulated co-stimulatory molecules CD80 and CD86 with IL-3 alone those from neonates required the addition of CpG-DNA to reach adult levels. Therefore, the intrinsic deficiencies of neonatal plasmacytoid dendritic cells can be mitigated by TLR9 agonists. These results are consistent with the observation that vaccines that effect strong adjuvant activity on dendritic cells can induce protective responses in neonates. (Pediatr Res 60: 34-37, 2006) 
N eonates are more susceptible than adults to severe disease following exposure to viruses and bacteria (1) . A lack of pre-existing memory T-and B-cells as well as diminished T-cell responses (2) , reduced numbers of dendritic cells (DC), and a bias toward Th2 immunity (3) are contributors, but likely don't entirely explain this observation. One hypothesis is that neonatal DC are functionally immature. One manifestation of such immaturity may be that neonatal DC respond suboptimally to pathogens via Toll-like receptor (TLR) agonist stimulation and therefore are lacking the ability to provide a link between innate and adaptive immune responses (4) . Unlike myeloid DC, plasmacytoid DC (pDC) express high levels of the pathogen-recognizing receptor TLR9 (4) . Once stimulated with TLR9 agonists such as viral (5, 6) as well as bacterial DNA (7, 8) pDC produce large amounts of IFN-␣. In addition, pDC can stimulate allogeneic T-cells and pDC exposed to virus are capable of directly priming T-cells in mice (9) . Furthermore, influenza-exposed pDC can stimulate antigen-experienced influenza-specific CD4 and CD8 T-cell clones to produce IFN-␥ suggesting a role for pDC in stimulation of memory T-cell responses (10) .
We hypothesized that DC from the plasmacytoid subset in human neonates were functionally defective. Previous studies of DC either in vivo or using mixed cell populations that contained nonDC (11, 12) showed that neonatal DC may be defective while more recent studies using purified populations (13, 14) showed DC have little to no intrinsic functional defects. Therefore, to distinguish intrinsic deficiencies from extrinsic factors we studied responses in whole blood and in highly purified pDC from adults and neonates. We assessed the ability of pDC to mature and produce IFN-␣ in response to TLR9 agonists. We found that measurable differences exist in neonatal pDC but that ultimately these cells have high functional capacities after TLR9 stimulation.
METHODS
Human subjects. All blood from donors was obtained under protocols approved by the Institutional Review Board at Oregon Health and Science University. Informed consent was obtained from all adult donors. Umbilical cord blood was obtained from healthy full-term neonates under an exempt protocol for informed consent. Cord blood was collected in BD Vacutainer CPT and processed per the manufacturer's instructions. Both fresh and cryopreserved cells were used with equivalent results (data not shown). PBMC were obtained from normal adult donors by apheresis.
Isolation and assessment of pDC. Plasmacytoid DC were isolated using BDCA-4 coated magnetic beads per the manufacturer's instructions (Miltenyi Biotec). Flow cytometry was used to assess expression of co-stimulatory molecules, and confirm purity of sorted cells. Plasmacytoid DC were defined by the lack of cell surface expression of lineage markers (CD3, 14, 16, 19, 20, 56) , positive expression of HLA-DR and high expression of CD123 (15, 16) . Detection of TLR9 was performed on fixed and permeabilized cells using Cytofix/Cytoperm and Perm Wash reagents (BD Biosciences). Antibodies were purchased from BD Biosciences or eBioscience. Acquisition of flow cytometry data were performed using a FACS Calibur in conjunction with Cell Quest software. All further analyses were performed using FlowJo software.
Stimulation of whole blood. One milliliter of fresh uncoagulated whole blood was incubated at 37C for 20 h with IL-3 alone (10 ng/mL) (R&D), IL-3 with CpG-A oligodeoxynucleotide (ODN)-2336 (GGGGACGACGTCGT-GGGGGGG) (50 g/mL), or IL-3 and the negative control for CpG A 2243 (GGGGGAGCATGCTGGGGGGG) (50 g/mL). IL-3 was added to all conditions to prevent apoptosis of pDC (15) . IFN-␣ production was determined from the plasma.
Stimulation of purified pDC. BDCA-4 ϩ -purified pDC (25,000/well) were placed in RPMI with 10% human serum and 10 ng/mL IL-3. Purified pDC were stimulated for 20 h with immunostimulatory DNA, CpG-A 2336 or CpG-B 2006 (TCGTCGTTTTGTCGTTTTGTCGTT) and respective negative controls 2243 or 2137 (TGCTGCTTTTGTGCTTTT GTGCTT ) (Coley Pharmaceuticals) at a final concentration of 6 g/mL. Class-A CpG ODN are potent inducers of IFN-␣ production while class-B CpG ODN preferentially induce the maturation of pDC (17) .
Detection of IFN-␣. Human IFN-␣ was quantified from either plasma or cell culture supernatants by ELISA (PBL Biomedical Labs).
Statistical analyses: To assess differences between adults and neonates we used the Prism software package to perform the Wilcoxon nonparametric analysis for the whole blood studies (due to the wide variance between donors) and the unpaired two-tailed t-test for the purified cells analysis.
RESULTS
While all nucleated cells can produce type I interferons, pDC are unique in their capacity to produce large amounts of IFN-␣ in response to viral (5,6) and bacterial DNA (7, 8) . To first address the question of whether or not pDC from neonates are intrinsically defective, we studied IFN-␣ production in whole blood, where many factors might influence pDC function, and from purified pDC. Whole blood samples from 10 adults and 10 neonates were incubated with the potent IFN-␣ inducing agent CpG-A. Figure 1 shows that equivalent levels of IFN-␣ were detected in the plasma of adult and cord blood after stimulation. No statistically significant differences were observed.
We then focused our studies on purified pDC to determine whether any intrinsic deficiencies could be detected. Figure 2 A shows the gating strategy used to assess purity of cells sorted using BDCA-4 magnetic bead selection. Purity was determined from live cells that lacked lineage markers, expressed HLA-DR as well as CD123 (Purity of pDC: adult blood 72.2 Ϯ 4.5%; cord blood 73.1 Ϯ 7). We then compared IFN-␣ production from purified pDC from adults and neonates in response to two classes of CpG-DNA (Fig. 2B ). After addition of the potent IFN-␣ inducing agent CpG-A 2336, pDC from cord blood produced high levels but statistically significantly less IFN-␣-than the adult pDC (2839 pg/mL versus 6003 pg/mL respectively p Ͻ 0.05). In contrast, in response to CpG-B 2006, IFN-␣ production by neonatal pDC was not significantly different compared with adult pDC.
We then sought to determine whether the reduced IFN-␣ production from cord blood correlated with a decreased expression of co-stimulatory molecules. In adults, IL-3 alone, a cytokine necessary for the survival of pDC (15) , is sufficient to up-regulate expression of co-stimulatory molecules CD80 and CD86 on pDC from adults (Fig. 3A) . In neonates however, IL-3 alone did not induce adult levels of CD80 and CD86 expression on pDC. We then stimulated pDC with the maturation-inducing TLR9 agonist CpG-B. Once stimulated with CpG-B, both adult and neonatal pDC expressed high levels of co-stimulatory markers CD80 and CD86. In fact, the mean fluorescence intensity of CD80 and CD86 was consistently higher on pDC from neonates once stimulated with CpG-B (see figure legend and data not shown). Furthermore, the ability of pDC from neonates to respond to the TLR9 agonist was consistent with the expression of adult levels of the TLR9 by neonatal DC (Fig. 3B) .
DISCUSSION
In this study we addressed the hypothesis that pDC from neonates are intrinsically defective. Recent studies in mice suggested that the interaction of neonatal DC with extrinsic factors from neonates, both in vivo and in vitro as a result of mixed-cell populations may play a key role in altering DC function. For example in studies of CD11cϩ myeloid DC Figure 1 . TLR9 stimulation of whole blood from adults and neonates results in comparable levels of IFN-␣. Whole blood specimens (1 mL) from adults (n ϭ 10) and neonates (n ϭ 10) were incubated with IL-3 alone or IL-3 with CpG-A ODN 2336 (50 g/mL) for 20 h. IFN-␣ production was determined by ELISA. ODN 2243 was used as a negative control for CpG-A and never elicited IFN-␣ levels above IL-3 treatment alone (data not shown). The limit of detection of the IFN-␣ ELISA is 12.5 pg/mL. * p ϭ 0.275 These data are representative of a total of three experiments with a minimum of two donors per group including one experiment in which cells were sorted to Ͼ95% purity by flow cytometry. ODN 2243 or ODN 2137 were used as negative controls for CpG-A and CpG-B respectively and never elicited IFN-␣ production by pDC (data not shown). The limit of detection of the IFN-␣ ELISA is 12.5 pg/mL. * p ϭ 0.029; ** p ϭ 0.183 35 CB pDC OVERCOME DEFECT WITH TLR AGONIST from neonates, non-purified DC in cord blood were defective in stimulating mixed lymphocytes reactions (12), IL-12 production (11), and TLR-induced expression of co-stimulatory molecules (11, 12) . In contrast, highly purified CD11cϩ DC from 1-wk-old mice showed no defect in cell surface expression of co-stimulatory molecules, in their ability to mature in response to LPS (19) , to produce IL-12, to produce type I and II interferons in response to TLR agonists (20) or to prime CD8 T-cell responses (19) . Similarly, purified CD123ϩ cells from 1-wk-old mice produced adult levels of IFN-␣ (14) supporting the idea that DC from neonates may not be intrinsically defective but that extrinsic factors may be responsible for relatively impaired neonatal DC function.
In this report we first compared IFN-␣ production in CpGstimulated whole blood from adults and neonates and found comparable levels of the cytokine. This is in contrast to a report by De Wit et al. who showed that CpG stimulation of neonatal blood resulted in lower levels of IFN-␣ compared with adult blood in a small group of donors (18) . The relatively large variance between individuals in the amount of IFN-␣ production in whole blood samples may have prevented detecting a smaller difference between neonates and adults. Unfortunately, De Wit et al. only showed representative data and so we are unable to assess the variance between the small number of donors per group (n ϭ 3) in that study. Hence, we cannot directly compare our results to theirs.
Nonetheless, our data demonstrate the absence of any large functional difference between neonate and adult pDC in whole blood.
To then assess any intrinsic deficiencies, we focused our experiments on purified cells to remove any confounding factors that may arise from the stimulation of non-pDC TLR9-expressing cells. Recently, Sun et al. (21) demonstrated that DC from neonates were capable of priming CD4 Th1 responses in adults while the same priming conditions induced CD4 Th2 responses in neonates; this skewed CD4 Th2 response was due to TLR9-responsive IL-10-producing B-cells present in disproportionate numbers in neonates compared with adults. Here, using isolated pDC from neonates we showed that IFN-␣ production from pDC from the neonates was lower than from adults. However, the levels produced in neonatal DC were still substantial and it is plausible that this difference may not translate into a biologically relevant deficiency of neonatal pDC compared with adult pDC. Furthermore, an intrinsic deficiency of pDC to up-regulate costimulatory molecules in response to IL-3 could be overcome with TLR9 stimulation.
In summary, pDC from neonates demonstrate an impaired ability to mature and to produce adult levels of IFN-␣. However, the impaired maturation can be overcome with TLR9 stimulation further highlighting the need to study vaccines in the context of the developing immune system. 
